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HIGHLIGHTS 


•  Cathodes  with  a  ternary  transition  metal  oxide  and  varying  amounts  of  Li  were  synthesized. 

•  Results  indicated  compositions  became  more  cubic  with  increasing  amounts  of  Li20. 

•  Capacities  of  200  mAh  g  1  were  achieved  in  spite  of  increased  cubic  tendencies. 

•  A  reduction  in  the  charging  plateau  associated  with  oxygen  generation  was  observed. 
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Li-rich  layered  transition  metal  oxides  with  the  nominal  composition  of  Lii+x[Lio.2MnaCo^NiT]02  with 
0.0  <  x  <  0.7  are  synthesized  using  a  high-pressure  technique.  The  chemical  compositions  are  deter¬ 
mined  using  inductively  coupled  plasma  (ICP)  spectroscopy  and  the  structure  is  identified  from  X-ray 
diffraction  measurements  as  a  mixture  of  rhombohedral  R-3m  and  cubic  Fm-3m  phases.  Rietveld 
refinement  analysis  reveals  that  the  layered  to  cubic  phase  ratio  increases  as  x  tends  towards  0.7,  with  an 
almost  complete  cubic  phase  present  for  x  >  0.6.  Electrochemical  charge-discharge  experiments  per¬ 
formed  using  coin  cells  and  show  capacities  of  around  200  mAh  g-1  for  0.0  <  x  <  0.4  samples,  although 
the  capacity  quickly  decreases  for  x  >  0.5,  which  is  consistent  with  the  trend  towards  a  predominantly 
cubic  phase.  The  plateau  for  oxygen  generation,  which  appears  at  the  4.4  V  threshold,  is  reduced  as  x 
increases. 

©  2013  Published  by  Elsevier  B.V. 


1.  Introduction 

Lithium  batteries  are  becoming  an  increasingly  important 
technology  in  our  world.  Due  to  the  recent  growth  in  sales  of 
electric  vehicles  and  consumer  electronics  there  is  a  need  for  a 
lithium  battery  that  can  last  longer  on  a  single  charge  and  is  safer  to 
use.  Traditional  Li  batteries  consist  of  a  graphite  anode,  a  LiCo02 
cathode  and  an  organic  electrolyte.  Unfortunately  this  type  of 
battery  can  only  hold  a  charge  of  about  150  mAh  g-1  and  has  been 
known  to  be  a  safety  hazard.  One  way  to  achieve  a  higher  capacity 
and  to  make  the  batteries  safer  is  to  look  for  alternative  materials  to 
the  LiCo02  cathode  material.  One  such  replacement  material  that 
has  been  under  investigation  is  the  compound  Li[LixM0.8]O2  [1-8], 
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where  M  is  a  transition  metal  mix  of  Mn,  Co,  and/or  Ni,  such  as  Li 
[Lio.2Mno.6Nio.2lO2  reported  by  Armstrong  et  al.  [9].  These  combi¬ 
nations  of  transition  metals  have  shown  to  provide  capacities  above 

200  mAh  g’1  [2,10-14], 

However,  there  are  issues  that  remain  unresolved  for  layered 
materials  that  are  lithium  rich  and  contain  the  Mn,  Ni,  and  Co  mix 
of  transition  metals.  Although  the  first  charge  cycle  exhibits  oxygen 
evolution,  which  is  characterized  by  a  plateau  at  around  4.4  V  [9], 
high  capacity  is  still  exhibited  in  subsequent  cycles.  It  has  been 
proposed  that  during  the  initial  oxygen  evolution,  the  material 
undergoes  a  phase  change  in  which  a  new  high-capacity  phase  is 
formed.  This  high-capacity  phase  is  difficult  to  recreate  for  study 
using  conventional  methods  [15,16].  Oxygen  evolution  is  thought  to 
leave  an  oxygen  vacancy  within  the  structure,  which,  upon  the  re¬ 
intercalation  of  the  Li  in  the  first  discharge  cycle,  causes  the  phase 
to  undergo  a  structural  rearrangement  into  a  new  phase,  the 


2 


H.  Chang  et  al.  /  Journal  of  Power  Sources  252  (2014)  1-7 


mechanism  of  which  is  still  poorly  understood  [17].  This  study  at¬ 
tempts  to  directly  synthesize  the  phase,  which  occurs  after  the 
structural  rearrangement. 

The  phase  diagram  in  Fig.  1  shows  the  ternary  composition  of 
cathode  materials  made  up  of  lithium,  oxygen  and  the  transition 
metals  M  (where  M  =  Mn,  Ni,  Co).  The  highlighted  section  shows 
the  location  of  Li1.2lVlo.8O2  in  relationship  to  other  more  commonly 
known  compositions  such  as  LiM02  and  L^MOs.  Oxygen  generation 
from  the  Lii.2M0.8O2-type  material  during  the  first  charge  cycle  is 
thought  to  introduce  an  oxygen  vacancy  and  subsequent  structural 
change. 

There  are  two  possible  methods  to  attempt  to  recreate  this 
restructured  Li  rich  phase:  (1)  to  induce  an  oxygen  deficiency  in  a 
standard  Li1.2M0.sO2  or  Li2M03  material  (e.g.  via  hydride  reaction 
[18]),  and  (2)  to  increase  the  Li  content  directly.  In  this  study, 
lithium-rich  compositions  were  synthesized  with  increasing 
lithium  content  relative  to  fixed  oxygen  content.  The  Lii.2+xMo.s02 
tie  line  shown  as  a  dotted  line  in  the  highlighted  section  of  Fig.  1, 
starting  from  the  Li1.2M0.sO2  point,  is  the  range  of  our  target 
composition.  The  composition  range  for  these  lithium  rich  mate¬ 
rials  can  be  expressed  as  Lii.2+xMo.802. 

To  prepare  these  lithium-rich  materials,  a  high-pressure  syn¬ 
thesis  technique  was  employed  that  has  the  benefit  of  being  able  to 
precisely  control  the  composition  of  individual  elements  in  a  her¬ 
metically  sealed  environment.  Furthermore  it  is  thought  that  the 
high-pressure  synthesis  method  could  assist  in  forcefully  inserting 
excess  lithium  into  the  crystal  structure.  For  this  study,  the 
composition  of  the  transition  metal  elements  was  fixed  at  Mn  =  0.3, 
Co  =  0.2,  and  Ni  =  0.3. 

This  study  aims  to  recreate  this  high-capacity  phase  using  a 
high-pressure  synthesis  technique.  The  layered  lithium-rich  ma¬ 
terial  with  a  nominal  composition  of  Lii+x[Lio.2Mno.3Coo.2Nio.3]02  in 
the  range  0.0  <  x  <  0.7  was  synthesized  and  its  structure  and 
electrochemical  properties  were  investigated. 

2.  Experimental 

2.1.  Synthesis 

The  starting  materials  of  Li20  (Kojundo,  99%),  Li202  (Kojundo, 
99%),  Mn203  (Kojundo,  99.9%),  CoO  (Kojundo,  99.7%),  and  NiO 
(Kojundo,  99%)  were  weighed  and  mixed  in  an  Ar-filled  glovebox 
(Miwa,  DB0-1-T200-MM2-P15S).  The  materials  were  then  ground 
in  a  planetary  ball  mill  (Fritsch,  pulverisette  7  classic  line)  for 
30  min  at  240  rpm.  The  lithium  content  in  the  mixture  of  starting 
materials  was  controlled  by  the  molar  ratio  of  Li202  to  L^O  in  order 
to  keep  the  compositions  balanced  with  respect  to  oxygen. 

The  starting  material  was  then  placed  into  either  a  gold  or 
platinum  capsule  enclosed  inside  a  pyrophyllite  cell.  Gold  or  plat¬ 
inum  was  used  to  ensure  minimal  reaction  with  the  starting 


Fig.  1.  Phase  diagram  and  synthesis  direction  for  the  Lii+x[Lio.2MnaCobNic]02  compo¬ 
sition  in  the  ternary  Li-M-0  system. 


materials.  The  pyrophyllite  cell  is  equipped  with  a  carbon  sleeve 
that  acts  as  a  heating  unit.  The  noble  metal  capsule  is  surrounded 
with  a  boron  nitride  shell  to  insulate  it  from  the  current  applied 
through  the  high-pressure  apparatus.  A  Pt/Pt-Rh  thermocouple  is 
placed  within  the  cell  for  temperature  regulation.  The  pyrophyllite 
cell  is  then  placed  in  a  high-pressure  apparatus  and  subjected  to 
pressures  in  the  range  of  1-4  GPa,  and  temperatures  up  to  1200  °C. 
The  sample  in  the  pyrophyllite  cell  was  returned  to  the  glovebox 
and  opened  under  an  argon  atmosphere.  To  characterize  the 
product  the  hard  pellet  obtained  was  ground  into  a  powder  using  a 
mortar  and  pestle.  A  pressure  of  1  GPa  and  sintering  temperature  of 
950  °C  were  determined  to  be  conditions  under  which  the  target 
layered  structure  can  be  successfully  prepared. 

2.2.  Characterization 

X-ray  diffraction  (XRD)  measurements  were  used  to  charac¬ 
terize  the  samples.  An  X-ray  powder  diffractometer  (Rigaku,  RAD, 
Ultima-IV,  or  Smart  lab)  with  Cu  Ka  radiation  was  used  for  phase 
identification.  Measurements  were  conducted  with  a  small  amount 
of  sample  using  a  nonreflecting  Si  single  crystal  holder.  XRD  data 
were  collected  at  each  0.02°  step  over  a  26  range  from  10  to  90°.  The 
lattice  and  structural  parameters  of  the  reaction  products  were 
refined  by  the  X-ray  Rietveld  method  using  the  programs  RIETAN- 
FP  [19]  or  Z-Rietveld  [20].  Synchrotron  XRD  experiments  were 
conducted  using  the  BL02B2  beamline  at  the  SPring-8  facility  and 
the  data  were  similarly  refined  using  the  RIETAN-FP  or  Z-Rietveld 
programs.  The  Co/Mn/Ni  ratios  were  fixed  at  those  determined 
using  inductively  coupled  plasma  (ICP)  spectroscopy;  the  lithium 
occupancies  were  not  refined. 

X-ray  Absorption  Near  Edge  Structure  (XANES)  measurements 
were  performed  at  the  SPring-8  facility  at  the  BL14B2  beamline  to 
determine  the  valence  states  of  the  transition  metal  atoms  in  the 
layered  structure. 

Electrochemical  characterization  was  performed  to  investigate 
the  charge-discharge  performance  using  2032  coin  cells.  The 
active  material  was  mixed  with  electron  carbon  paste  (ECP,  Showa 
Denko),  vapour  grown  carbon  fibre  (VGCF,  Showa  Denko),  and  a 
polyvinylidene  fluoride  (PVDF  7200,  Kureha  Chem.)  binder  in  the 
weight  ratio  of  active  material:  PVDF: VGCF: ECP  =  80:10:2:8.  Li 
metal  was  used  as  a  counter  and  reference  electrode.  The  electro¬ 
lyte  was  1  mol  dm-3  LiPF6  dissolved  in  a  3 :7  v/v  mixture  of  ethylene 
carbonate/diethyl  carbonate  (EC/DEC;  Tomiyama  Chemicals).  A 
porous  polypropylene  film  was  used  as  the  separator.  Assembly  of 
the  coin  cells  was  performed  in  an  Ar  filled  glovebox.  The  cells  were 
charged  at  a  rate  of  5.5  mA  g-1  between  2.0  and  4.6  V. 

Li,  Mn,  Co,  and  Ni  content  of  the  samples  were  determined 
chemically  by  dissolving  ca.  10  mg  of  sample  in  HC1  solution  and 
subjected  to  Inductively  coupled  plasma-atomic  emission  spec¬ 
troscopy  (ICP-AES;  Shimadzu  ICPS-8100).  Morphological  studies 
were  carried  out  using  a  JEOL  Scanning  electron  microscope  model 
JSM-6610LV. 

3.  Results  and  discussion 

Layered  materials  with  the  Lii+x[Lio.2Mno.3Coo.2Nio.3]02 
composition  were  synthesized  under  a  pressure  of  1  GPa  at  950  °C. 
The  amount  of  x  in  Lii+x[Lio.2Mno.3Coo.2Nio.3]02  was  varied  in  the 
range  of  0.0  <  x  <  0.7.  The  XRD  patterns  of  the  0.0  <  x  <  0.7  samples 
shown  in  Fig.  2  reveal  a  layered  structure  with  a  space  group  of  R- 
3m  for  samples  0.0  <  x  <  0.6  and  a  cubic  Fm-3m  structure  for 
x  =  0.7.  Fig.  2b  shows  that  as  x  increases,  the  intensity  of  the  003 
peak  decreases  proportionally  to  other  peaks  such  as  the  014  peak. 
The  003  peak  has  almost  vanished  for  the  x  =  0.7  sample,  which 
indicates  that  there  is  no  layered  structure  at  this  composition  but 


H.  Chang  et  al.  /  Journal  of  Power  Sources  252  (2014)  1-7 


3 


(a) 


CO 

0 

0 

1 

,3- 

0 

1 

Li,+x[U02Mn, 

0.3^°0.2^'0.3^2 

X=  0.7 

0 

A 

1 

CO 

0 

x=  0.6 

j 

L_i.i 

1 

x=  0.5 

i—  1  ti 

1 

x=  0.4 

1 

x  =  0.3 

. 

-JL 

1 

x=  0.2 

1  1  1  1  1  1  1 

0 

20 

30 

40 

50  60 

70  80  9i 

26  r  (CuKa) 


18.50  18.75 
26  /°  (CuKa) 


43.044.045.0 
26  r  (CuKa) 


Fig.  2.  (a)  XRD  patterns  for  Lii+x[Lio.2Mno.3Coo.2Nio.3]02  with  0.0  <  x  <  0.7.  (b)  003  and  (c)  014  peak  shifts. 


instead  the  sample  consists  almost  entirely  of  a  cubic  phase.  Fig.  2c 
shows  that  the  014  XRD  peak  of  the  samples  shifts  towards  a  lower 
Bragg  angle  with  increasing  x,  which  suggests  an  increase  in  the 
lattice  parameters. 

Fig.  3  compares  XRD  patterns  of  unwashed  samples  and  those 
washed  in  ethanol.  The  peaks  are  marked  to  identify  major  peaks, 
impurities,  and  the  sample  holder.  The  impurity  phase  was  iden¬ 
tified  as  unreacted  U2O  (Fig.  3a).  To  remove  the  impurity  phase,  the 
samples  were  washed  in  ethanol  for  1  h  and  then  vacuum  filtered 
and  vacuum  dried  overnight.  The  washing  process  successfully 
removed  the  impurity  (Fig.  3c)  and  did  not  cause  any  shift  in  peak 
positions  of  the  overall  pattern,  which  indicates  that  structure  and 
lattice  parameter  size  remained  unaffected  (Fig.  3b). 

The  morphology  of  the  Li1.4ILio.2IVIno.3Coo.2Nio.3lO2  sample  post 
synthesis  was  examined  with  a  scanning  electron  microscope  the 
image  of  which  can  be  seen  the  inset  of  Fig.  3a.  The  SEM  image 
shows  particles  that  resembled  rock-shaped  grains  with  sizes  of 
roughly  1—15  pm,  with  an  average  size  of  around  12  pm.  Distri¬ 
bution  of  particles  was  fairly  even  with  little  agglomeration.  Parti¬ 
cles  were  generally  smooth  and  round  suggesting  uniform 
crystalline  growth. 

Fig.  4  shows  the  lattice  parameter  values  with  respect  to  the 
amount  of  inserted  lithium,  where  the  c/a  ratio  is  an  indicator  of  the 
layered  structure  [5,21-25].  A  parabolic  increase  of  the  a  lattice 
parameter  (Fig.  4a)  and  a  linear  increase  of  the  c  parameter  (Fig.  4b) 
are  observed.  The  increase  in  the  lattice  parameters  is  also  indica¬ 
tive  that  the  layered  R-3m  structure  is  shifting  towards  a  cubic 
structure  as  the  c/a  ratio  decreases  (Fig.  4c). 


3.1.  Structure  analysis 

Structure  analysis  was  performed  for  the  synchrotron  XRD  data 
of  the  0.0  <  x  <  0.6  samples.  The  best  model  fit  for  the  samples  was 
an  R-3m  rhombohedral  structure,  the  same  as  that  for  LiCoC^  [26]. 
The  Li  positions  were  fixed  at  a  value  of  1  and  were  not  taken  into 
account  for  the  Rietveld  refinement  analysis.  The  results  of  the 
synchrotron  XRD  data  refinement  for  the  0.0  <  x  <  0.6  samples  are 
shown  in  Fig.  4.  Fitting  was  performed  using  the  R-3m  space  group 
model  for  the  layered  phase  and  Fm-3m  for  the  cubic  phase.  The 
transition  metal  mixture  in  this  composition  cannot  be  reliably 
refined  using  XRD;  therefore,  refinement  was  performed  using  a 
virtual  species  placeholder  M,  in  place  of  Mn,  Co,  and  Ni.  The  pos¬ 
sibility  of  transition  metal  mixing  within  the  Li  layer  was  taken  into 
account  in  the  refinement  model  and  was  also  represented  by  a 
virtual  species  placeholder.  Ni,  in  particular,  is  known  to  migrate  to 
the  Li  layer  [27]. 

A  two-phase  refinement  was  performed  to  check  the  proportion 
of  the  R-3m  layered  rock  salt  structure  to  the  cubic  Fm-3m  structure 
using  the  synchrotron  XRD  data.  As  x  in  Lii+x[Lio.2Mno.3Coo.2Nio.3] 
O2  increases  the  cubic  to  layered  ratio  increases  logarithmically 
(Fig.  4e).  The  structures  for  the  0.0  <  x  <  0.4  samples  are  pre¬ 
dominantly  layered  with  the  classical  R-3m  structure.  However, 
when  x  exceeds  0.4,  the  structure  rapidly  tends  towards  a  cubic 
phase  with  x  =  0.6  being  90%  cubic. 

Rietveld  refinement  revealed  that  the  disorder  of  the  transition 
metals  within  the  Li  layer  of  the  R-3m  structure  increases  propor¬ 
tionally  with  x  in  Lii+x[Lio.2Mno.3Coo.2Nio.3]02.  The  rate  of  increase 
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Fig.  3.  (a)  XRD  patterns  for  synthesized  Li1.4ILio.2IVIno.3Coo.2Nio.3IO2  before  and  after  washing  with  ethanol,  and  SEM  image  of  the  prepared  cathode  material,  (b)  014  peak  before  and 
after  ethanol  washing  shows  no  peak  shifts,  and  (c)  removal  of  the  Li20  peak  after  ethanol  washing. 
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Fig.  4.  Lattice  parameters  (a)  a,  (b)  c,  and  (c)  lattice  parameter  ratio  c/a.  (d)  Transition  metal  mixing  in  the  3b  sites  and  (e)  cubic  to  layered  phase  ratio  of  Lii+x[Lio.2Mn0.3Coo.2Nio.3]02 
samples  with  0.0  <  x  <  0.6. 


in  disordering  is  shown  in  Fig.  4d.  Mixing  of  transition  metals  re¬ 
mains  below  4%  for  samples  where  x  <  0.2  but  increases  quickly  to 
almost  13%  for  x  =  0.4  The  increase  of  cation  disordering  could  be 
explained  by  a  decrease  in  the  amount  of  Li  as  x  increases  and  the 
shift  towards  a  more  cubic  phase.  The  disordering  of  cations 
moving  to  3 a  sites  could  also  cause  a  slight  decrease  in  the  valence 
state  of  Co3+.  XANES  data  presented  in  Fig.  5  indicate  that  there  was 
no  significant  change  in  the  valence  state  of  Mn  (Fig.  5a  and  b), 
whereas  a  slight  reduction  in  the  valence  states  of  Co  (Fig.  5b  and  c) 
and  Ni  (Fig.  5d  and  e)  is  observed  as  x  increases  in  the  JC-edge 
spectra  and  accompanying  Fourier  transforms.  The  reduction  of 
Co3+  to  Co(3_8)+  may  shift  the  structure  to  a  spinel  type  phase, 
which  would  explain  the  reduced  cycle  stability  observed  during 
the  charge-discharge  experiments.  The  Ni  reduction  could  be  a 
result  of  cation  mixing,  where  Ni  moves  from  the  3b  site  to  the  3 a 
site  and  coordinates  octahedrally  rather  than  tetrahedrally.  Similar 
behaviour  of  Ni  mixing  was  observed  within  Lii_xNii+x02,  where 
the  disorder  of  the  system  increased  with  x  when  Ni  replaced  Li  at 
the  3 a  layered  sites.  Ni  mixing  also  causes  a  contraction  of  the 
lattice  parameters  as  Li  content  is  increased  [28]. 

3.2.  Chemical  composition 

ICP-AES  measurements  were  performed  to  determine  the 
elemental  composition  of  Lii+x[Lio.2Mn0.3Co0.2Nio.3]02.  Table  1 
summarizes  the  molar  ratios  of  Li,  Mn,  Co,  and  Ni  within  the 
samples  before  and  after  the  EtOH  washing  process.  The  chemical 
compositions  of  transition  metals  were  almost  Mn:3,  Co:2,  Ni:3  for 
the  pristine  samples,  and  no  significant  changes  were  observed  for 
the  washed  samples.  In  contrast,  the  lithium  content  changed  by 


washing.  For  the  unwashed  samples  it  can  be  seen  that  the  Li 
content  increased  as  x  increased.  However,  for  the  washed  samples 
the  amount  of  Li  decreased  as  x  increased,  which  indicates  a  larger 
amount  of  unreacted  L^O  in  the  unwashed  samples.  This  difference 
indicates  that  as  the  ratio  of  L^O  to  U2O2  in  the  starting  materials 
increases,  so  does  the  amount  of  unreacted  Li20,  thus  suggesting 
that  L^O  may  have  low  reactivity  with  other  starting  materials 
during  the  high-pressure  synthesis  process. 

3.3.  Electrochemical  performance 

Electrochemical  charge-discharge  experiments  were  per¬ 
formed  on  washed  high-pressure  synthesized  samples.  The  test 
cells  were  charged  to  4.6  V  to  check  for  the  characteristic  plateau, 
that  typically  appears  around  4.4  V  during  the  first  charge. 
Although  the  samples  with  lower  values  of  x,  i.e.,  x  =  0.0,  showed 
evidence  of  this  plateau,  it  decreased  as  x  increased,  disappearing 
altogether  by  x  =  0.2  (Fig.  6).  There  is  a  negative  relationship  be¬ 
tween  x  and  the  amount  of  lithium  in  the  samples,  thus  the 
disappearance  of  the  plateau  as  x  increases  could  be  the  result  of 
the  lower  amounts  of  lithium  in  the  samples. 

Although  the  Li  content  decreased  as  x  increased,  an  initial  high 
capacity  of  200  mAh  g-1  was  observed  up  to  a  major  inflection 
point  was  reached  at  x  =  0.4,  where  the  structure  became  pre¬ 
dominantly  cubic.  At  this  point,  where  the  cubic  structure  domi¬ 
nates,  the  initial  capacity  also  starts  to  fade  quickly,  and  at  x  =  0.6, 
the  charge-discharge  profile  start  to  resemble  that  of  a  cubic  ma¬ 
terial,  with  capacities  lower  than  20  mAh  g-1  for  x  =  0.6.  The  x  =  0.3 
sample  performed  the  best  with  an  initial  capacity  that  was  slightly 
over  200  mAh  g_1  (Fig.  7)  and  with  good  cycle  stability  of  over  15 
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Fig.  5.  (a)  Mn  K-edge  profiles  and  (b)  Mn  Fourier  transforms,  (c)  Co  K-edge  profiles  and  (d)  Co  Fourier  transforms,  and  (e)  Ni  K-edge  profiles  and  (f)  Ni  Fourier  transforms  for 
Lii+x[Li0.2Mn0.3Coo.2Nio.3]02  (x  =  0.0,  0.2,  0.4). 


cycles.  However,  the  cycle  stability  also  decreases  as  x  increases 
(Fig.  8),  with  the  best  cycle  stability  present  in  samples  with  lower 
values  of  x.  The  cycle  stability  could  be  related  to  the  amount  of 
cation  mixing  within  the  Li  layer  and  the  amount  of  Li  in  the 
cathode  material. 

The  discharge  values  of  our  samples  are  similar  to  those  for 
other  Li[Lio.2Mn  aCo£NiT]02  synthesized  at  ambient  pressure,  and 
the  voltage  plateau  that  appears  around  4.4  V  is  present  in  most 
samples  of  this  nature.  However,  capacities  of  over  200  mAh  g_1 
were  retained  without  the  appearance  of  a  voltage  plateau  for 
samples  with  x  >  0.2.  When  compared  to  manganese-rich  samples 


such  as  Li[Li0.2Mn  o.53Coo.i3Ni0.i3]02  29],  the  discharge  profile  does 
not  show  a  continuous  voltage  drop,  but  instead  levels  out  at 
around  3. 5-4.0  V  and  then  drops  sharply  until  the  cutoff  voltage  of 
2.0  V.  This  effect  is  likely  due  to  the  ratio  of  transition  metal  oxides 
because  the  compositions  with  an  evenly  proportioned  mix  of  Mn, 
Co,  and  Ni  exhibit  similar  discharge  behaviour  [30]. 

4.  Conclusions 

A  layered  ternary  (Mn,  Co,  Ni)  cathode  composition  was  suc¬ 
cessfully  synthesized  using  1  GPa  of  pressure  at  950  °C.  A  Li20  and 
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Table  1 

Chemical  compositions  of  unwashed  and  ethanol  washed  samples  of  Lii+X[- 
Lio.2Mno.3Coo.2Nio.3lO2  and  starting  molar  ratios  of  Li202  to  Li20. 


Sample 

Li 

Mn 

Co 

Ni 

%  of  Li20  by  weight 
in  starting  material 

II 

0 

b 

1.221 

0.307 

0.2 

0.310 

10.72 

x  =  0.0  washed 

1.021 

0.307 

0.2 

0.307 

n/a 

x  =  0.2 

1.423 

0.312 

0.2 

0.313 

32.35 

x  =  0.2  washed 

0.928 

0.313 

0.2 

0.315 

n/a 

x  =  0.4 

1.736 

0.309 

0.2 

0.311 

51.82 

x  =  0.4  washed 

0.786 

0.311 

0.2 

0.314 

n/a 

x  =  0.6 

1.789 

0.308 

0.2 

0.312 

64.41 

x  =  0.6x  washed 

0.504 

0.275 

0.2 

0.284 

n/a 

Cycle  No. 

Fig.  8.  Discharge  cycle  stability  for  Lii+x[Lio.2Mn0.3Coo.2Nio.3]02  samples  with 
0.0  <  x  <  0.6  at  2.0-4.6  V  charged  at  5.5  mA  g-1. 

200  mAh  g  1  and  a  reduction  in  the  voltage  plateau  as  x  increased, 
while  high  capacities  close  to  or  over  200  mAh  g-1  were  main¬ 
tained  until  x  =  0.4.  The  plateau,  which  appears  at  4.4  V,  appeared 
for  samples  with  low  x,  but  diminished  as  x  increased.  As  the 
structure  moved  towards  a  cubic  phase,  the  electrochemical  per¬ 
formance  quickly  faded  with  capacities  falling  to  20  mAh  g-1. 
Likewise,  the  cycling  stability  decreased  as  x  increased,  possibly  due 
to  increased  cation  mixing  within  the  Li  layer  and  lower  amounts  of 
Li,  and  the  tendency  of  the  phase  make  up  to  become  cubic. 


Fig.  6.  First  charge-discharge  curves  for  Lii+x[Li0.2Mn0.3Coo.2Nio.3]02  samples  with 
0.0  <  x  <  0.6,  in  the  range  from  2.0  to  4.6  V  at  a  charge  density  of  5.5  mA  g1. 

U2O2  mix  with  the  nominal  composition  of  0.0  <  x  <  0.7  Lii+X[- 
Lio.2Mno.3Coo.2Nio.3lO2,  of  which  only  0.0  <  x  <  0.6  were  investi¬ 
gated  due  to  x  =  0.7  being  highly  cubic.  XRD  patterns  confirmed  a 
mix  of  layered  and  cubic  phases  with  the  space  groups  R-3m  and 
Fm-3m,  in  which  the  cubic  phase  increased  as  x  increased.  The 
refinement  showed  that  up  to  x  =  0.3,  the  cubic  phase  remained 
stable  at  less  than  5%,  but  increased  rapidly  to  almost  90%  at  x  =  0.6. 
Cation  mixing  within  the  transition  metal  3 a  sites  was  also  found, 
from  x  =  0  to  x  =  0.4  the  mixing  was  steady  at  about  and  reaching 
almost  16%  occupancy  at  x  =  0.6.  The  XRD  patterns  also  revealed  a 
L^O  impurity,  which  was  subsequently  removed  via  ethanol 
washing.  ICP-AES  measurements  revealed  that  washed  samples 
tended  towards  being  Li  poor  as  x  increased,  which  indicates  that 
L^O  has  poor  reactivity  in  the  high-pressure  synthesis  environ¬ 
ment.  Electrochemical  performance  revealed  capacities  of  over 


Fig.  7.  First  discharge  capacities  for  Lii+x[Lio.2Mn0.3Co0.2Nio.3]02  samples  with 
0.0  <  x  <  0.6  in  the  range  from  2.0-4.6  V  at  a  charge  density  of  5.5  mA  g~\ 
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